Cu electrodeposition onto Ru during dual damascene processing is complicated by the possible presence of Ru oxide, which is known to exist at more cathodic potentials than predicted by its Pourbaix diagram. Several research groups have proposed cathodic treatments prior to Cu electrodeposition to reduce Ru oxide, but these methods were developed semiempirically. We report voltammetry and impedance studies of Ru oxide reduction in 1.25 M H 2 SO 4 . Voltammetry studies suggest that Ru oxide reduction may be difficult for samples exposed to laboratory air for extended times. Impedance studies show a clear signature of Ru oxide reduction at a potential of about −300 mV vs saturated calomel electrode, as indicated by both a dramatic reduction in the charge transfer resistance and the appearance of a low frequency inductive loop. The time response of the impedance at 5 Hz following a potential step to several potentials cathodic to −300 mV indicates that Ru oxide reduction occurs quite rapidly. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3519848͔ All rights reserved.
Ru has recently been intensively investigated for incorporation into dual damascene Cu interconnect structures in Si-based semiconductor devices. Ru was originally conceived as a Cu diffusion barrier, 1, 2 but Ru is now envisaged as a liner material that would be used in conjunction with a Ta diffusion barrier, with Ru providing a continuous, low conductivity seed layer. 3, 4 In addition, Ru has been proposed for use as a diffusion barrier and liner material for high density capacitors. 5 The use of Ru as a liner material for dual damascene Cu interconnect structures has generated significant recent interest in Cu electrodeposition onto Ru. 6, 7 This is complicated by the possible presence of Ru oxide, which is known to exist at more cathodic potentials than predicted by its Pourbaix diagram, [8] [9] [10] which exhibits a wide potential range of stability for metallic Ru in acidic electrolytes. 11 Therefore, several research groups have proposed cathodic treatments to reduce Ru oxide prior to Cu or Ag electrodeposition, [12] [13] [14] [15] [16] [17] thereby enhancing nucleation and adhesion. However, these methods have been semiempirically developed, and the detailed nature of Ru oxide reduction at moderately cathodic potentials is incompletely understood.
We report studies of Ru oxide reduction in 1.25 M H 2 SO 4 by voltammetry and electrochemical impedance spectroscopy ͑EIS͒. Voltammetry studies suggest that Ru oxide reduction may be difficult for samples exposed to laboratory air for extended times. Impedance studies show two capacitive loops at all potentials, with a clear signature of Ru oxide reduction as a dramatic decrease in the charge transfer resistance ͑R ct ͒ at about −300 mV vs saturated calomel electrode ͑SCE͒, and the simultaneous appearance of a low frequency inductive loop. The time response of the impedance at 5 Hz following a potential step to several potentials cathodic to −300 mV indicates that Ru oxide reduction occurs quite rapidly.
Experimental
All electrochemical measurements were performed using a threeelectrode setup with an 11-mm diameter Ru rotating disc electrode ͑RDE͒, Pt spiral counter electrode, and an SCE reference electrode. The Ru working electrode was mechanically polished with 50 nm ␥-alumina immediately prior to electrochemistry experiments, unless noted otherwise, and then transferred directly into the electrochemical cell. Voltammetry experiments were controlled with a Princeton Applied Research 263A potentiostat. EIS was studied by coupling this to a Solartron 1250 frequency response analyzer over the frequency range 0.01 Hz-10 kHz, using an ac probe amplitude of 10 mV. The Ru RDE was rotated at 100 rpm during all experiments. All impedance scans were repeated to ensure that they correspond to steady state results. Sulfuric acid ͑98 wt % purity͒ was obtained from J. T. Baker. Figure 1 shows voltammetry results for a cathodic scan in 1.25 M H 2 SO 4 at 100 rpm for a freshly polished Ru electrode and a Ru electrode with an anodically grown film. The anodic Ru film was formed by application of +1.5 V vs SCE for 5 min in 1.25 M H 2 SO 4 . Assuming formation of compact RuO 2 , this would correspond to a 23.0 m thick film. In both cases, the Ru electrode was held at the most anodic potential ͑+1.25 V vs͒ for about 10 min prior to starting the voltammetry scan. For the freshly polished Ru electrode, the open circuit potential ͑OCP͒ is independently measured to be about +600 mV vs SCE, but this value is not very stable. For the freshly polished electrode, the cathodic scan in Fig. 1 The formation of Ru oxide or hydroxide in this potential range has previously been reported to be detrimental to Cu nucleation and adhesion. [12] [13] [14] [15] [16] [17] Detailed mechanistic analysis of Ru oxide reduction is beyond the scope of the current study, but the kinetics and thermodynamics of monolayer Ru oxide/hydroxide formation and reduction have been shown to depend on both crystal orientation 18, 19 and anion adsorption. 20 In Fig. 1 , Ru oxide reduction is followed by the characteristic steep increase in cathodic current associated with H 2 evolution. On many metal surfaces, this is associated with reduction of the native oxide to reveal the bare metal surface, on which hydrogen evolution is quite rapid. Voltammetry studies ͑not shown͒ of Ru electrodes exposed to laboratory air for one week were inconsistent. In some cases, cathodic shoulders such as those observed in Fig. 1 were observed, followed by the characteristic steep increase in cathodic current associated with H 2 evolution. In other cases, no cathodic currents were observed even at potentials down to −1.0 V vs SCE, and hydrogen evolution was not observed. This suggests that the electrochemical reduction of Ru oxide formed by prolonged exposure to laboratory air may be difficult. The Ru thin films within ultralarge-scale integration ͑ULSI͒ interconnect structures are typically grown by chemical vapor deposition or atomic layer deposition and then immediately transferred to the next process stage, Cu electrodeposition. Therefore, the freshly polished Ru electrode likely corresponds most closely to the situation during ULSI interconnect processing, and was used for all further experiments. Figure 2 shows Nyquist plots of Ru impedance results at 100 rpm in 1.25 M H 2 SO 4 at potentials ranging from +600 mV ͑OCP͒ to −350 mV vs SCE. For brevity, only a few illustrative Nyquist plots are shown. In all cases, the impedance results correspond to steady state, as verified both by repeat impedance scans and by Kramers-Kronig transformation of the impedance data. This is in contrast to impedance studies of anodic Ru oxide, where complex electrode pretreatments have been reported to be necessary to obtain steady state results. 21 Although not evident in Fig. 2 , low frequency inductive loops are also observed at −300 mV SCE and all more cathodic potentials. An example is shown in Fig. 3 at a potential of −350 mV vs SCE. Such low frequency inductive loops are often associated with adsorbed intermediates in electrochemical reactions, particularly in acidic electrolytes. 22 Here the low frequency inductive loops will not be analyzed in detail due to the limited potential range over which they are observed and the occurrence of simultaneous hydrogen evolution.
Results and Discussion
The data in Fig. 2 were analyzed by complex nonlinear least squares ͑CNLS͒ analysis using the equivalent circuit shown in Fig.  4 , which contains two capacitive loops in series. At highly cathodic potentials where inductive loops appear in the impedance spectrum, only results for frequencies greater than 0.5 Hz are included in this analysis. The equivalent circuit of Fig. 4 replaces capacitances with constant phase elements ͑CPEs͒, which are often employed to phenomenologically incorporate the effects of surface heterogeneity. The impedance of a constant phase element is [23] [24] [25] [26] 
where T is a frequency independent constant, is the angular frequency, and n is an exponent within the range 0.5 Ͻ n Ͻ 1. When n approaches unity, the CPE behaves like an ideal capacitor, whereas when n is 1/2, the CPE behaves like a Warburg impedance.
The best-fit equivalent circuit parameters are given in Table I , with standard errors provided in parentheses. In order to understand Ru oxide reduction, the variation in the charge transfer resistance ͑R ct ͒ with potential is most insightful. This is illustrated in Fig. 5 , where R ct decreases monotonically as the potential is reduced from the open circuit potential ͑+600 mV vs SCE͒ down to −300 mV vs SCE, where R ct reaches values typical of bare metal electrodes. The results in Fig. 5 , which include impedance results at numerous potentials not shown in Fig. 2 , are clearly discontinuous at −300 mV SCE. As noted above, low frequency inductive loops also appear at −300 mV vs SCE and at more cathodic potentials. We hypothesize that these low frequency loops are either associated with electrochemical reactions at the bare Ru electrode following reduction of Ru oxide or associated with Ru oxide reduction itself. The approximate cathodic end point of the shoulder in the voltammetry results in Fig. 1 for the freshly polished Ru electrode is also about −300 mV vs SCE.
Thus the discontinuity in the charge transfer resistance, the appearance of a low frequency inductive loop, and the voltammetry results all indicate that reduction of Ru oxide is complete at about −300 mV vs SCE. This is within the potential range previously proposed for reduction of Ru oxide prior to Cu electrodeposition, about −100 to − 375 mV. [12] [13] [14] [15] [16] [17] Because the exact potential for reduction of Ru oxide likely depends on pH, crystal orientation, anion adsorption, and the presence of chelating species in solution, the impedance analysis reported here may be generally useful for understanding Cu electrodeposition onto Ru.
The discussion of the best-fit equivalent circuit parameters in Table I has focused so far on the charge transfer resistance ͑R ct ͒, which is most informative regarding Ru oxide reduction. The variation of the other equivalent circuit parameters with potential is more difficult to understand, partly due to scatter in these results. In addition, the physical meaning of the CPE is complex and difficult to quantitatively understand. [23] [24] [25] [26] The solution phase resistance ͑R S ͒ undergoes a step change between −100 and −200 mV vs SCE. However, this simply reflects a change in the electrode positions when experiments were restarted. The magnitude of the differential capacitance at highly cathodic potentials, where Ru oxide has been reduced, can be compared to the canonical value ͑20 F/cm 2 ͒ expected for a bare metal electrode. If one calculates the differential Table I . Best-fit equivalent circuit elements for Ru impedance in 1.25 M H 2 SO 4 . Absolute standard errors are given in parentheses. capacitance from the best-fit CPE, 27 then the capacitance is about 170-240 F/cm 2 at potentials from −350 to − 400 mV vs SCE. Comparing to the expected canonical value ͑20 F/cm 2 ͒, this implies a roughness factor of about 10ϫ, which seems reasonable for a hand-polished polycrystalline electrode.
Although the impedance measurements reported here were obtained with reasonably expensive equipment, inexpensive methods for impedance measurements have been reported that measure the current response to a potential step, then differentiate these results, and apply a Fourier transform. 28, 29 Such methods are limited at the low frequency end of the spectrum by the time duration during which the current response is measured, and at the high frequency end of the spectrum by the frequency at which the current response is sampled. 30 These earlier reports, coupled with the Ru impedance studies discussed here, suggest that relatively simple and inexpensive impedance monitoring at one or several frequencies can be used to observe the reduction of Ru oxide during pilot studies, or during ULSI processing. 28, 29 As illustrated by Fig. 5 , the charge transfer resistance ͑R ct ͒ provides the most definitive evidence for reduction of Ru oxide. Although the details of the various impedance spectra differ, the impedance response at a frequency of 5 Hz is sensitive to the value of R ct at all potentials. Therefore potential step experiments were performed by monitoring the impedance response at 5 Hz following a potential step from +600 mV ͑OCP͒ to several different cathodic potentials at which Ru oxide is reduced. In all cases, reduction of Ru oxide was immediate. This demonstrates that the unusual stability of Ru oxide is thermodynamic rather than kinetic. In other words, some interfacial Ru oxide, probably RuOH, is thermodynamically stable in the potential range from +430 to − 300 mV vs SCE, even though the Pourbaix diagram predicts that bare Ru should be stable.
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Conclusions
Voltammetry studies of Ru in 1.25 M H 2 SO 4 suggest that electrochemical reduction of Ru oxide formed by prolonged exposure to laboratory air may be difficult. The Ru electrode just after mechanical polishing is likely most similar to that obtained after the Ru thin film growth for ULSI processing. Impedance studies of freshly polished Ru electrodes exhibit two capacitive loops at all potentials, with a clear signature of Ru oxide reduction as a dramatic decrease in the charge transfer resistance ͑R ct ͒ at about −300 mV vs SCE and the simultaneous appearance of a low frequency inductive loop. The time response of the impedance at 5 Hz following a potential step to several potentials cathodic to −300 mV indicates that Ru oxide reduction occurs quite rapidly. Thus the unusual stability of Ru oxide is thermodynamic rather than kinetic in origin.
